The theoretical analysis of the creation of forces on a thin foil at all angles of attack and velocities.
1. Introduction.
I am in the process of developing a sailing boat that works in a novel manner and has various benefits over
current boats and is designed to at great speed. I have working prototypes etc and this year I was hoping to
produce a final prototype that would demostrate my latest thinking and all the concepts together. However, at
the time of writing, I am locked down in a country the otherside of the globe and can’t return because British
Airways have cancelled all my flights. However, that has given me time to hone the theoretical side of my
invention.
The boat achieves power via an aerofoil. It has several novel design features, one of which is an abiltiy to vary
its angle of attack from zero to ninety. Now, to find the force that a certain sized aerofoil would create at any
angle of attack I thought would be a lookup-able figure subject to years of research and usage. I found
however, that no such a thing exists! There are plenty of formulae available for wings; for a start the formula
L = (1/2) d V2 A CL [2], plus all the background maths for a lifetime of study. But this only works for small
angles of attack and change the angle of attack and the whole thing must be reworked with a new lift
coefficient, not at all useful for my purposes. Secondly, there is a very similar wind resistance or drag formula
[3] which is very useful of course, for working out wind forces on advertising hoardings and the like, but that
only applies to wind at 90 degrees and not very helpful for my needs. So, as I said, with time on my hands I
thought I would try to go back to basic principles and see if I could come up with a new approach that solves
my problems. And maybe some of other people’s problems too, as ordinary sails are aerofoils that operate
with differnet angle of attack, up wind and down wind.
Various other authors [1] [2] have produced experimental results and these will be used to check the veracity
of this theory.

2. The forces on the lower surface of a theorectical thin, flat plate foil.
I have developed some mathematics to predict the behaviour and forces created by a planing surface as
distinct from a wing or sail or other aerofoil (that may be published too). The workings of that are not totally
relevant to a foil but for one thing, and that is the force created is related to the angle of attack. Referring to
diagram (1) in which the sail or aerofoil or hydrofoil is replaced for simplicity’s sake by, perfectly thin, flat
plate AB subject to a fuid moving DC. As mentioned above, the force hitting AB is related to the angle of
attack (AoA or ø); in fact sin(ø), the bigger the angle the bigger the mass flow and force along CE. And this is
where my approach needs to differ from conventional wing theory which breaks this force down to two
vectors Lift and Drag, up and back, at 90º to each other. I am only interested in total force in the
perpendicular direction of the foil, although the two vectors do bear a relationship. So the lower surface
deflects the air downwards according to the sine of the AoA and in accordance to Newton’s third law the foil
receives a reaction or upward force and this will be calculated along CE.
3. The upper surface force on a foil.
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The upper surface is more complicated. So how does the upper surface of a flat plate create
force, and unintuitively, more than the lower side?
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Diagram 2.

4.Cavitation.

The fluid moves past the foil along DC and area of fluid above AGB is lost and this is replaced
from above, this fall of the air again supplies force to win according to Newton’s third law. Well th
should be the same as the lower surface effect but it is more as all the fluid above the wing
falls down as well. Unfortunately, the lift is not as great as the mass of the entire column above
it because the effect is reduced by the column being replaced by the fuid surrounding it an so
not producing any down force; and the further away from the wing the effect is less by square
of the distance. In diagram 2 the square A, if removed will be replaced by the volume of (B)
from above represented by the exponential curve y=x2 and the volume being the integral,
area = ∫x2.

The fluid moving along FA will continue to move in a straight line unless acted on by another force (Newton’s
first law) and in this case the other force is gravity so the fluid moves along the parabola AIC leaving a spa
below. This is called cavitation. [4].
The space created represents an area which does not impart any moment of force to the foil and this loss needs to be
subtracted from the total force.

5. Calculating the results:
To investigate the results of this theorectial system and test its validity, a spreadsheet was created so each step in the
process could be presented and understood and altered as necessary. And furthermore, then subject it to variables of foil
size, fluid velocity and AoA and see how the system responds. Diagram (3). Bear in mind that this system is theorectical
and is not yet designed to produce any real values only relative values; so any constants are omitted ie fluid density, span
of the foil etc. I was looking to see if, at this stage, it accurately modelled real world results from other sources [1] [2]

Explanation of the spread sheet by column.
A: Angle of attack.AoA (ø) This is a variable that can be changed.

B: B Velocity in m/s. This is a variable that can be changed via box:
G67
C Chord or wing width, leading edge to trailing edge. This is a variable that can be changed via box:
G68
Changing the velocity and the chord amounts to the same thing as this is only a theorectical overview and
not to calculate and actual forces only relative ones.
D. This the tangent of the AoA. It the multiplier which gives the correct slope of the AoA in a graph situation

(see diagram 4) ie y = 0.577x coresponds to an AoA of 30º, tan 30 = 0.577. This then allows the finding of
the point at which it crosses the cavitation curve giving the range. (See E onwards)
E. The curve the fluid follows in cavitation (AIC above) is governed its velocity and gravity and this is referred
to as the range of cavitation and it is assumed to follow a curve y = Vx2/g. The foil follows a straight line y =
tan (x). A simultaneous equation anaylsis will give the x. and y of the intersection of the two lines on a graph.
Luckily, I created a simple rule to calculate this without having to resort to simultaneous equation
mathematics. The x coordinate is gotten from: x = gtan(ø)/V.
On the spread sheet this becomes:
=D2/(B2/10)
F: This is the y coordinate and is gotten in a similar way to above but this time the simple rule is, y =
g(tan(ø))2/V.
on the spread sheet this becomes:
=(D2^2)/(B2/10)
G: E and F give the x and y coordinates of the intersection so Pythagoras can be used to calculate the
hypotenuese in the spread sheet this is expressed as
=SQRT((E2^2)+(F2^2))

H: The range of the cavitation can exceed the width of the chord, any goings-on beyond the chord I deem to
be irrelevant and so the range is limited to the chord width. This is achieved simply in the spread sheet as:
=IF(G2<C2;G2;C2)
I: The x coordinate associated with G is needed later, this is gotten by the cosine of the AoA times the range
limited by the chord length:
=COS(RADIANS(A2))*H2
J: The area above the chord (AGD) is required later this is given by a formula I made up but probably exists
elsewhere but I couldn’t find it, ie: . hypotenuese = √(2.Area/sin(ø)cos(ø))
In the spread sheet this become:
=C2*C2*(SIN(RADIANS(A2))*COS(RADIANS(A2)))/2
K: The area of air above the range (ACJ) is required later, this is gotten by the sin and cos of the
hypotenuese mutiplied giving the area of the rectangle and divided by 2 giving the trianglular area ie:
=H2*H2*(SIN(RADIANS(A2))*COS(RADIANS(A2)))/2
L: Next the area under the curve AIC is needed. This in the integral of the formula y = Velocity(range limited)2/
g ie y = Vdist3/3g. In the spreadsheet this is:
=((I2^3)*B2)/(3*10)
M: So the size of the “bubble” of caviation is AJC - AIC in the spreadsheet this is:
=K2-L2
N: The area of moving fluid is what is needed and this is the triangle above the chord minus the “bubble” that
does not extend past the chord. In the spreadsheet this becomes:
=J2-M2
O: The forces created by the moving fuild are calculated in terms of; what width of chord would create that
force at that AoA, so as to be comparable with other forces later. So the chord that would create this
movement of fluid at this particular AoA needs to be found so this formula is used again… hypotenuese =
√(2.Area/sin(ø)cos(ø)).
=SQRT((2*N2)/(SIN(RADIANS(A2))*COS(RADIANS(A2))))

P: The area of fluid moved down from above needs to be found and this will be the intregral of y =x2, x in this
case being the volume which becomes:
=(SQRT(N2)^3/3)
Q: The equivalent chord to shift that fluid needs to be found as in O, this is therefore:
=SQRT(2*P2/(SIN(RADIANS(A2))*COS(RADIANS(A2))))
R: The total effective foil is therefore the sum:
=O2+Q2
S: As stated previously, the simpler forces under the wing are proportional to the sine of the AoA and the
chord:
=SIN(RADIANS(A2))*C2
T: The total force on the wing is therefore the sum of the force from the lower and upper surfaces:
=R2+S2.
G67,68 These are input boxes that vary the velocity and chord universally in columns B and C.

6. Looking at the results.

Above are the graphical results of created by the spreadsheet with the input of differing fluid velocities, slow,
medium and fast.
Looking at the middle graph first; my mathematics rather lets itself down approaching zero so the first bit of
the spreadsheet is induced to read zero at zero angle of attack; from there the information is created by the
spreadsheet unhindered; the zero the amount of force rapidly rises to a maximum at about 15º AoA and then

declines gradually to 1 at 90º. The left graph shows lowering the speed (or narrowing the chord) causes this
be exaggerated as cavitation is less pronounced. Raising the speed the right graph, causes the high point to
be pushed towards a higher AoA.
7. Comparison with other data.
There is no data which relates to this exactly because other sources always measure the lift and drag
components which are more relevant to their requirements, however, they are relatable.

Here are some data sets from wind tunnel test from other sources, [1] [2] [3] the areas greyed out are for
angles greater than 90º. They are concerned with lift and coefficients of lift so the graphs tend to go from zero
to zero, that being the coefficient of lift at zero degrees of AoA and 90º. The latter two graphs show evidence
of the same “kink” in the graph and the overall shape of the graph is comparable especially if you add in the
drag vector on the bottom graph. And the first shows evidence of the change that occurs with change in
velocity or chord width (the comparison between the model Cessna and Lightening wings in a wind tunnel);
this concurs with the difference between the spreadsheet graphs, middle and right, above. Additionally, the
difference from standard Thin Airfoil Theory can be seen as well.
What may be intersting to sailors is the data also indicates more force maybe created downwind by not
having a sail at 90º but at a lesser angle where the downwind component is greater, especially as the wind
increases or foil width is large like a spinaker or foresail.
7. Moving on:
I think I have found a way of approaching the problem on how to calculate the predicted force created by a
foil at all angles of attack. It is not complete and I can see a few areas that need more detail and would like to
adapt it to to give results in Newtons. I would like to see my results compared to some physical results and I
intend to create some small apparatus that can do that when I get home. The spreadsheet is available to
download and every one is welcome to play with it, point out my errors and enhance it.
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